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Low Loading Gold Vapor Deposited Electrode for High Sensitivity
Arsenite Detection
By
TYBUR QUINTON CASUSE

B.S., CHEMICAL ENGINEERING, UNIVERSITY OF NEW MEXICO, USA, 2017
M.S., CIVIL ENGINEERING, UNIVERSITY OF NEW MEXICO, USA, 2019

ABSTRACT
The objective of this thesis is to develop a method for detection of arsenite, As
(III), using a thin film of gold (Au) vapor deposited onto carbon paper as an electrode.
Currently, availability of drinking water arsenic (As) concentration information for rural
communities is diminished due to high cost per sample analysis and limited access to
analytical laboratories which can accurately determine concentrations near the 10 𝜇𝑔/𝐿
maximum contaminant level (MCL) set by the World Health Organization (WHO) and
the US Environmental Protection Agency (EPA). The use of a minimal amount of gold
aids in decreasing the cost of an electrode. However, the electrode must remain capable
of reliably detecting below the MCL. The results from this work indicate that vapor
deposition of Au onto carbon can be an effective method which can be used to
accomplish both of these goals. Linear stripping voltammetry showed a linear correlation
between the peak area of the current vs. potential sweep curve, and the As (III) in
solution. Thus, the use of Au vapor-deposition on to carbon as an electrode represents a
promising technology for detection of arsenite in contaminated waters.
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Chapter 1
Introduction
This thesis contains a summary of scientific background in the form of a literature
review (Chapter 2) and an academic journal styled report of the outcome of the master’s
research titled, “Ultra-low loading Vapor Deposited Gold Nanofilm for Detection of
Arsenite,” (Chapter 3).
The literature review focuses on the motivation behind the study. It summarizes
the detrimental health effects of As in drinking water, and current detection methods. I
also discuss the health and sociological benefits that the development of an ultralow Au
loading electrode based electroanalytical method can have. The speciation and
distribution of inorganic As oxyanions in water is explained from an electrochemical and
chemical speciation standpoint. The limits of species that can exist in water is related to
the stability of water and the Nernst equation plays a crucial role in these limits since it
allows for prediction of hydrogen and oxygen gas generation along the pH vs. redox
potential (Eh) diagram, known as a Pourbaix diagram. The pKa’s of both arsenate, As
(V), and As (III) are discussed. However, due to the electro-inactivity of As (V) it
requires a more complicated methodology than As (III) to detect. The method used in this
study for detection is linear stripping voltammetry, a well-known method for detection of
trace metals in water with the ability to detect at the part per billion (ppb, 𝜇𝑔/𝐿). Square
wave stripping voltammetry (SWSV) and differential pulse stripping voltammetry
(DPSV) are capable of detecting even lower concentrations by decreasing the background
current due to high surface area, which is presented as capacitive current. Unfortunately,
these methods require an in depth understanding of the electrochemical processes of
1

capacitive (electrode/water matrix double layer charging) and faradaic (chemical electron
transfer) currents to achieve a consistent peak. Furthermore, because of the inevitable
variance in electrode surface area and electrolyte conditions the parameters would need to
be re-evaluated for each electrode. This would necessitate extensive pre-calibration by a
highly skilled technician and therefore pulsed voltammetry methods were not used in the
study. The research gaps, objective, and future directions conclude this section.
The academic journal styled paper is intended to be submitted to Environmental
Science: Nano and includes a typical outline format with an abstract, introduction,
materials and methods, results, and conclusions. The results include X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM)
and X-ray fluorescence for the Au film on carbon paper and chemically deposited Au
nanoparticles on a high surface area carbon support painted onto carbon paper as an ink.
Electrochemical characterization in the form of cyclic voltammetry of the Au film is
compared to an Au wire and the Au nanoparticles. The synthesis of the Au nanoparticles
is a much more time consuming and more complicated process than the Au film, which
makes them less capable for the largescale production of electrodes. Additionally, the
large surface area of the deposition support results in a very large amount of capacitive
current which results in a decrease in faradaic peak to background. For this reason, the
Au film on carbon paper was selected for detection of As (III) through a standard
additions method. The results of linear stripping voltammetry showed a linear correlation
between the peak area of the current vs. potential sweep curve, and the amount of As (III)
added to the solution. This manuscript will be further developed in the coming months
before submission to Environmental Science: Nano.

2

In conclusion, the work presented here represents an effort to further integrate
electrochemistry and environmental engineering to develop sensor technologies toward
ensuring access to safe drinking water for rural communities.

Chapter 2
Literature Review: Background and theory
1.0 Motivation
Safe drinking water is a foundation of a healthy population. Arsenic (As)
contamination even at parts per billion (ppb) levels represents a risk of several adverse
health effects due to its toxicity and carcinogenicity. Continuous ingestion of water
containing above the 10 𝜇g/L maximum contaminant level set by the WHO and the US
EPA may lead to chronic As toxicity which includes increased chance for cancer, renal
damage, and lesions and discoloration of the skin 1. At such low concentrations precision
and accuracy of detection is critical to ensuring the safety of the population that is
drinking the water on a daily basis. Determination of As levels in drinking water with
accuracy below 10 𝜇g/L is essential to the success of programs for determination of risk
due to As poisoning. In 1997 Allan H. Smith made several trips to Bangladesh to
investigate one of the largest human health disasters related to water contamination.
Between 35 and 77 million citizens of Bangladesh were found to be at risk of consuming
unsafe levels of As in their drinking water. The study found long term health effects
including skin lesions, skin and internal cancers, neurological effects, hypertension and
cardiovascular disease, pulmonary disease, and peripheral vascular disease. The study
stated the urgent need for field kits that are capable of detecting concentrations near the
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WHO MCL 2. The concern that laboratory testing can delay programs was likely due to
the lack of availability of instruments or methods capable of trace metals analysis in the
ppb (𝜇g/L) range at that time. Technologies have improved significantly since the early
2000’s and several field test kits addressing this issue have been developed.
Detection methods for As in aqueous solutions can be done in the laboratory or in the
field. Laboratory methods include inductively coupled plasma mass spectrometry (ICPMS), atomic absorption spectroscopy (AAS), and anodic stripping voltammetry (ASV) 3,
4

. These methods provide very high accuracy for detection but require skilled analysts

and in some cases chemical alteration of the sample. Chemical alteration of the sample is
a concern because the potential for toxicity is dependent on the form which it is in.
Arsenic in its trivalent state, arsenite, is considered to be the most toxic form followed by
the pentavalent state, arsenate, and the organic forms monomethylarsonic acid and
dimethylarsinic acid 5. However, due to As being a multivalent element and its chemical
speciation being complex the valency can change with environmental changes such as pH
or oxidation-reduction potential (ORP). ICP-MS is capable of detecting in the part per
trillion range for metals concentrations and is used to determine chemical speciation of
minerals of interest 3. Instruments for this method require a high degree of skill to operate
and maintain, and are expensive, which in turn make sample analysis expensive. This can
become a limiting factor for regions of the world that do not have access to these
instruments or do not have the financial ability to test their source waters. Field
determinations can be carried out by test kits in which chemical reduction to arsine gas is
used to produce spectrophotometric determinations of As or electrochemistry is used with
a mobile analysis instrument known as a potentiostat. Photometric test kits use a chemical

4

conversion of inorganic As to arsine gas in a closed vessel and allow a mercuric bromide
or silver nitrate strip to interact with the arsine which changes the color of the strip to a
varying degree correlated to the amount of arsine in the vessel. These methods are single
use strips, which are compared to a color matching chart. A reflectometer can also be
used to determine the degree of color change in relation to a calibration dataset. Some of
these kits are capable of accurately determining as low as 0.5 ppb As in a water sample 6,
7

. However, they do not indicate speciation of the As and the arsine gas is highly

flammable and presents a significant health hazard 8. An electrochemical field test kit
uses a three-electrode system with a mobile potentiostat to do stripping voltammetry
determinations. Stripping voltammetry will be explored in more depth in section 3.1.
The development of a low-cost reusable sensor which can be used in-situ has the
potential to make As concentrations in water available to those who are drinking the water.
Primarily rural counties in New Mexico have limited access to information about their
drinking water wells in comparison to the counties in urban areas. The New Mexico
Department of Health has cataloged from only 4134 determinations 1976 to 2016 and
shows that several counties have private wells which contain concentrations above 10
𝜇g/L. Furthermore, 35% of the determinations were performed in 2 of the 33 counties. The
two counties are Santa Fe and Sandoval county which have the relatively large cities of
Santa Fe and Albuquerque, respectively 9. The limited information about As levels in rural
counties of New Mexico is likely due to the high cost per determination, lower population
and the need to transport the sample to an analytical laboratory. This research seeks to
increase access for rural communities affected by unsafe levels of As to increase accurate
knowledge of the potential for chronic As poisoning by investigating a facile and repeatable
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method for manufacturing an electrochemical field sensor. The manuscript produced by
this thesis investigates the facile vapor deposition method for producing a thin film of gold
on a carbon support as a potential electrode for detection of As (III) below 10 𝜇g/L.

2.0 Speciation of As in Natural Waters
The environmental conditions As is subjected to inform the level of mobility in
water systems and potential toxicity through chemical speciation and complexation with
other elements present in an aqueous matrix. As has complex oxyanion speciation due to
dependence on redox potential of the solution causing the As to be in trivalent or
pentavalent state and further dependence on the pH on the overall charge of the ion.
Understanding and manipulation of these variables allows for engineered control of the
species which can aid in prediction, removal and detection.

2.1 Geographic Distribution
As is found in water sources around the world including countries such as
Bangladesh, West Bengal, Hungary, China, United States of America, and northern
Chile. As can be found in over 200 minerals, with arsenopyrite (FeAsS) as the most
abundant mineral. 10. As can also be concentrated in the environment by various human
processes such as arsenical herbicides, mining operations, burning of fossil fuels, and use
in wood preservatives. Arsenopyrite is often found in deposits which are also rich in
other metals leading to potential enrichment of As compounds areas affected by mining
operations.11 In sulphide minerals As can be substituted for S.

2.2 Environmental Chemistry
2.2.1 Solubility

6

Arsenic is a multivalent metalloid which can be found in waters with valence
states of -3, 0, +3 and +5. The primary forms of inorganic As are Arsenate (V) and
Arsenite (III). Inorganic forms are monomethylarsonic acid (MMA) and dimethylarsinic
acid (DMA) and are minor in comparison to inorganic As. The primary concern for
toxicity is arsenite due to its high binding to sulphydryl groups of proteins. However,
arsenate is methylated to MMA after ingestion and is considered to be more effective at
binding to proteins and becomes more toxic. 12 Inorganic As still presents a higher
environmental toxicity concern because it is more common than the methylated forms.
Arsenite is the dominant soluble species in reducing and low pH environments, while
arsenate is dominant in oxidizing environments. Arsenate can be mobilized by either
formation of oxyhydroxide complexes in alkaline conditions or reduction to arsenite in
reducing conditions. Kinetics of reduction from the +5 to +3 valence state in soils is slow
13

.

2.2.2 Redox Chemistry
Arsenic forms several oxyanions throughout the pH scale which allows for
solubility at neutral, acidic and alkaline conditions. One way to consider speciation in
relation to the oxidation reduction potential (Eh) and the pH is an Eh vs. pH diagram, also
known as a Pourbaix diagram. The species that are available to natural waters are those
that are within the stability region of water. Figure 1 presents a well cited Pourbaix
diagram for oxyanions at standard conditions 14. At standard conditions of 25°C, 1 bar of
pressure, and potential quoted versus a standard hydrogen electrode. At oxidizing
potentials As (V) and O4 are predominant as oxyanions of As acid. Arsenic acid
deprotonates with increasing pH and results in four possible As (V) oxyanions (e.g.

7

H3AsO4, H2AsO4-, HAsO42-, AsO43-), behaving like a multiprotic Brönstead acid. At
reducing potentials, the As is in its trivalent state and follows the same trend as pH
increases. In detection using electrochemical methods such as stripping voltammetry
(Section 3.1) the Eh vs pH diagram can inform the potentials at which the deposition and
stripping steps should take place.
Another method for presenting
speciation data is in a concentration
versus pH diagram which is informed
by the dissociation constants for the
hydrogens (Figure 2). The pKa for
arsenate, arsenite, monomethylarsonic
acid and dimethylarsinic acid are
reported by Nic E Korte 15. The
species of interest, arsenite and
arsenate, are presented in Table 1 with
the protonation reaction underneath.
These values are in agreement with the
percent species versus pH and Eh vs
pH diagrams presented by Smedley et.
al (Figure 1). Speciation diagrams are
Figure 1. (a) Arsenite and (b) arsenate speciation
as a function of pH (ionic strength of about 0.01
M). Redox conditions have been chosen such that
the indicated oxidation state dominates the
speciation in both cases. From Smedley et. al

8

helpful in determining the
electroactivity and charge of the

dominant species present at a specific pH and redox conditions.
The upper and lower bounds of the Pourbaix diagram can be explained by an
electrochemical perspective on the stability of water. The Nernst equation (eq. 1)
presents the potential at which a redox reaction will occur based on the activities
of the products and reactants in the solution.
-.

+
𝐸&'( = 𝐸&'(
+ (/ ln

2345
267

[1]

+
Where 𝐸&'( is the potential of the reaction at non standard conditions, 𝐸&'(
is the

potential of the reaction at standard conditions, R is the gas constant 8.314 J · K-1
mol -1 , T is the temperature in K, n is the number of electrons transferred in the
process, F is Faradays constant of 96500 Coulombs · mol-1, 𝑎&9: is the activity of
the reduced species, and 𝑎;' is the activity of the oxidized species.
Species

pK1

pK2

pK3

As (III)

9.2

---

---

Arsenite

[𝐻@ As𝑂@ ]+ ↔ [𝐻F As𝑂@ ]G

As (V)

2.2

6.9

11.5

Arsenate

[𝐻@ As𝑂H ]+ ↔ [𝐻F As𝑂H ]G

[𝐻F As𝑂H ]G ↔ [HAs𝑂H ]FG

[HAs𝑂H ]FG ↔ [As𝑂H ]@G

Table 1. Acid dissociation constants for Arsenate and Arsenite
from Nic E. Korte et. al

Activity is a thermodynamic expression which is used in chemistry for electrolyte
solutions. The activity of the species represents an effective concentration and is
determined by 𝑎 = 𝛾𝑐 where c is the molarity of the ion in solution. The activity
coefficient tends toward unity approaching infinite dilution of the ion species and is used
for standard states and ideal solutions 16.
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Reactions in electrochemistry can be either electrolytic, reactions caused by
passage of electrical current, or galvanic, electric current caused by a chemical reaction.
Water is split at the surface of the electrodes through an electrolytic process. A current is
passed between the cathode and anode, which are submerged in a solution of water with
low to moderate concentrations of charge carrying species resulting in two nonspontaneous half reactions occurring. In the case of water splitting reduction at the
surface of the electrode results in the hydrogen evolution reaction (HER) and oxidation
causes the oxygen evolution reaction (OER). The species H+, hydrogen ions, and OH-,
hydroxide ions, and water react with the electron densities at the anode and cathode to
produce O2 and H2 gas, respectively. Over the pH range the concentrations of hydrogen
and hydroxide vary so the potential to achieve both reactions changes. The reactions to
achieve gas evolution at pH 0 and pH 14 are presented in equations 2-5. 17
pH = 0 Anode
Cathode
pH = 14 Anode
Cathode

2 𝐻F 𝑂 → 𝑂F (𝑔) + 4𝐻O + 4𝑒 G

Erxn = + 1.229 V

[2]

4 𝐻O + 4 𝑒 G → 2𝐻F (𝑔)

Erxn = 0.0 V

[3]

4 𝑂𝐻G → 𝑂F (𝑔) + 𝐻F 𝑂 + 4 𝑒 G

Erxn = + 0.401 V

[4]

4 𝐻F 𝑂 + 4 𝑒 G → 2𝐻F (𝑔) + 4 𝑂𝐻G Erxn = -0.828 V

[5]

The reaction equation for hydrogen (H) reduction shows that an electron is required for
converting a proton to half a molecule of H2 gas. The activity of H which is being
reduced is equal to the activity coefficient multiplied by the concentration of H+, and the
oxidized species is H2 gas which has an activity equal to its pressure. With a pressure of 1
bar and all constants input the Nernst equation is taken to be equation 6.
+
𝐸&'( = 𝐸&'(
+

10

+.+RS
(

log [𝐻O ]

[6]

Where n = 4 and equation 7 puts the concentration of hydrogen ions into pH scale
equation 8 gives the potential for the oxidation and reduction reactions at nonstandard
conditions. The standard potential (T = 298 K, 𝑎&9: = 𝑎;' = 1.0 M, P = 1 atm) for water
oxidation and hydrogen reduction on a platinum electrode are 1.229 V and 0 V,
respectively.
𝑝𝐻 = −log [𝐻O ]

[7]

+
𝐸&'( = 𝐸&'(
− 0.059 ∗ 𝑝𝐻

[8]

By substituting these values into equation 8 the red line of oxygen gas evolution and
yellow line of H2 gas evolution are overlaid onto figure 1 and represent the bounds of
waters stability when using a platinum working electrode. These bounds represent what is
expected from thermodynamic data. Experimental potentials required for a half reaction
to take place at an electrode may differ due to deviation from standard conditions, this
phenomenon is quantified and termed as overpotential 18. This is an important
electrochemical phenomenon to consider in environmental water sensors because it
informs the potential limits that the electrode will be capable of interacting with analytes
in the water solution before the competing reaction of HER or OER will occur.

3.0 Aqueous Electrochemistry
Electrochemistry has much to offer for detection of trace metals, including high
accuracy, rapid detection, reusable electrodes, and the ability to distinguish between
different metals contaminating the sample. The most common setup for aqueous
electrochemical measurements is a three-electrode system with an analytical instrument
known as a potentiostat which controls and records the potential and current within the
electrochemical cell. The three-electrode system requires a working electrode (WE), a
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counter electrode (CE), a reference electrode (RE), and an electrolyte with sufficient
charge carrying species to transfer charge between the electrodes. Charge transfer
through the solution is due to motion of ions by concentration gradients or convection if
the solution is being bubbled with a gas or stirred.
The voltage of the WE is determined with respect to the RE, which has a constant
potential due to a highly reversible and thermodynamically stable reaction potential. The
RE is an electrode of specific materials, such as silver (Ag) or mercury (Hg) with stable
anion/salt half-cell reaction potentials. There are various forms of reference electrodes
including aqueous and non-aqueous forms. The standard electrode is a hydrogen
electrode which has a half cell reaction of generating hydrogen gas by reducing protons
or water, depending on pH, in solution on a platinum metal electrode. Aqueous reference
electrodes use a specified concentration solution with a solute that forms a complex with
the electrode material at a specific potential giving a stable half-cell potential. In these
electrodes the reference solution and the electrode are separated from the rest of the cell
and allowed to interact with the electrolyte only through a porous glass channel designed
to limit the amount of species transfer across the glass while allowing ion transfer for
interaction with the cell 19. The reference electrode enables the system to control the
experimental voltages and makes separate experiments comparable to each other.
The three-electrode cell can aid in many electrochemical characterization experiments
of the WE interactions with the electrolyte solution, such as an electrodes surface area,
the potential at which formation and deformation of an oxide layer occurs, or the
potential at which an electrolytic reaction occurs. Characterization of the electrode gives
insight into the potentials at which chemical reactions will occur and aids in

12

determination of regions on the potential axis for cyclic voltammetry. Degassing of the
solution with an nitrogen, stirring, and rotating of the electrode at high speeds can be
used to investigate reactions without interference of oxygen reduction reaction, ionic
dissolution, or to investigate kinetics of a reaction, respectively 20.

3.1 Linear Stripping voltammetry
A technique known as stripping voltammetry can be used to determine trace metals
concentrations by pre-concentrating the analyte on the surface of the electrode and
subsequently stripping the analyte off 21. The preconcentration step, also known as the
deposition step, is when the working electrode is held at a potential for an experimentally
determined time that will immobilize an aqueous analyte on the surface of the working
electrode. In the deposition step the analyte, As (III), diffuses from the bulk solution to
the electrode surface and is reduced to its’ metallic form, As (0) in an amorphous layer
less than three monolayers thick 22. This change in phase causes a concentration gradient
near the surface of the electrode which results in a flux of As (III) and can be represented
by equation [9].
𝐽] (𝑥) = −𝐷]

`ab (')
`'

−

cb /
-.

𝐷] 𝐶]

`e(')
`'

+ 𝐶] ∗ 𝑣(𝑥)

[9]

Where 𝐽] (𝑥) is the flux of species 𝑖 through the linear distance 𝑥 near the boundary layer.
𝐷] is the diffusion coefficient,
ion, 𝐶] is the concentration,

`ab (')
`'

`e(')
`'

is the concentration gradient, 𝑧] is the charge of the

is the potential gradient, and 𝑣(𝑥) is the velocity that

the solution is travelling through the distance 𝑥 23. The first term describes the flux due
concentration gradient, the second describes the flux due to potential gradients and the
third describes the flux due to convection in the solution. The flux due to potential
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gradients can be made experimentally consistent through the addition of a supporting
electrolyte that has a much higher concentration than the analyte. The addition of Sulfuric
acid to pH 3 allows for a consistent and negligible potential gradient, because it maintains
ionic strength without participating in reactions near the electrode. At pH 3 the
concentration of sulfate and hydrogen ions in the solution is near 4 mM, which is three
orders of magnitude greater than the molarity of 75 𝜇g/L As (III), which is 1 μM. The
contribution to flux due to convection can be made consistent by either avoiding stirring
and perturbation or making the stirring experimentally consistent in each deposition at
each concentration. In this study the solution was magnetically stirred at the same setting
during each deposition. With these parameters consistent in each deposition step the
change in flux is primarily due to the concentration gradient which is directly correlated
to the bulk concentration of As (III) in the solution. The flux can now be represented by
Fick’s law of diffusion which incorporates time as a variable (equation 10) 24.
𝐽] (𝑥, 𝑡) = −𝐷]

`ab (',k)
`'

[10]

The deposition process is done for the same amount of time in each concentration and as
long as the concentration in the bulk is not substantially changing over time then the flux
is still dependent only on the concentration gradient of the boundary layer.
The reduction of As (III) is due to a flow of current at the electrode and is expressed
as a chemical reaction in equation 11 and fits a general form for reduction (equation 12).
𝐴𝑠 (𝐼𝐼𝐼) + 3𝑒 ↔ 𝐴𝑠 (0)

[11]

𝑂 + 𝑛𝑒 ↔ 𝑅

[12]

If this reaction is limited by diffusion to the electrode the reaction is represented by
equation 13 24. Since the reaction is occurring at the electrode surface 𝑥 is 0.
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−𝐽] (0, 𝑡) =

]

= s𝐷]
(/r

`ab (',k)
`'

t

'u+

[13]

Where n is the number of electrons transferred in the chemical reaction, F is faradays
constant, which represents the amount of charge in one mole of electrons, A is the area of
interest and 𝑖 is the current passed. Equation 13 shows the linear correlation between
concentration gradient and current during deposition time.
In the stripping step, the potential is then swept from the deposition potential to a
potential more positive than the thermodynamic potential at which the analyte will be
oxidized or reduced back to its previously mobile phase. This process produces a peak in
the flow of electric charge, current, at the thermodynamic potential of mobilization. The
area under the peak is correlated to the amount of power required to reverse the
deposition current and return the analyte to the solution.
In the case of As, the oxyanion can be either negatively or neutrally charged. If the
pH and the redox potential are within the region of the Eh pH diagram of Figure 1 for
H3AsO3, then the As will be primarily in the form of its As (III) valence. With a negative
potential being held on the working electrode the neutrally charged species is expected
undergo a transformation of As from As (III) to As (0) metal. As(V) is an electroinactive
species; some researchers use the reduction of As (V) to As (III) with nascent H or
bisulfite. 25, 26. Henry 26 used differential pulse polarography to determine total As in
solution and compared these results to determinations before chemical reduction allowing
a mass balance to infer As (V).
Gold is the nearly ideal working electrode material and is used in many studies on
stripping voltammetry As detection. Due to a higher overpotential for H reduction and
water oxidation, on Au compared to Pt, the kinetic stability region of water when using
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an Au electrode will be wider, which makes Au a more suitable electrode for As
detection than Pt for electrochemical detection discussed in section 3.0. This allows for
the deposition potential to be lower for reduction of As (III) to As (0). The halfwave
potential at which As (III) and As (0) perform reversible redox chemistry is dependent on
the pH of the solution. In 1M hydrochloric acid (HCl) the halfwave potential was found
to be -0.189 V 27. The pH of 1M HCl is 0, which would be outside of the bounds of a
platinum electrode.
The use of Au nanoparticles at the working electrode for high sensitivity of As
detection has been utilized in many studies. Electrodeposition of Au onto various
substrates has proven to be an effective form of creating nanoparticle electrodes capable
of limits of detection (LOD) as low as 0.0096 ppb 28, 29. Metal oxides, and various types
of carbon supports have been utilized for deposition of Au, with glassy carbon being one
of the most common 28-30.
Due to the high activation energy of As (V) a chemical reduction to As (III) or more
negative potentials in deposition must be used for electrochemical methods to be able to
interact with the As (V) 26. This has been done by adding a reducing agent such as
bisulfite 26. Alternatively, the working electrode can be modified to reduce As(V) at the
surface of the working electrode to determine the amount of As in solution. Zhou, et al. 31
used a field effect transistor with Au nanoparticles decorated with dithiothreitol (DTT),
supported by black phosphorous as working electrode. The DTT has the capability to
reduce the As and this reduction resulted in a decrease in current across the transistor
which was correlated with the amount of As(V) in solution. Sarkar, et al. 32 used L-
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cysteine on a glassy carbon working electrode to reduce arsenate and achieve
voltammetric detection.
Detection of both As (III) and As (V) has also been done with Au nanoparticles,
which were electrodeposited onto a boron doped diamond support. The potentials
necessary for deposition in a solution with pH ca. 5 for As (III) and As (V) were -0.4 V
and -1.5 V (vs. Ag/AgCl), respectively. At the potential for As (V) deposition, hydrogen
evolution also occurred on the Au nanoparticles this was mitigated with an extra step of
holding the potential at -0.4 V before proceeding to do the stripping step. The reaction for
As (V) deposition and oxidation was found to be irreversible 33.

3.2 Pulse Stripping Voltammetry
Pulse techniques can be used to decrease the amount of capacitive current
presented in the stripping response. The capacitive current is due to charging and
discharging of the electrical double layer which is formed when the charged surface of
the electrode comes into contact with the electrolyte solution 34. The faradaic currents are
those which are a result from an electron transfer process, such as a chemical reaction
occurring. Both of these processes occur during a potential step. However, pulse stripping
voltammetry techniques can allow for isolation of the faradaic current responses during a
potential step by exploiting the difference in rate of decay between capacitive and
faradaic currents.
Capacitive current decays exponentially and is controlled by the time constant, 𝜏 =
𝑅w 𝐶x . The current is considered to be negligible when it reaches 5𝑅w 𝐶x . The charging of
this layer is presented by equation 13 23.
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Where 𝑖 is the current, E is the potential across the capacitor, 𝑅w is the solution resistance,
and 𝐶x is the differential capacitance of the double layer.
Faradaic current decays at a rate of 1⁄𝑡 ~/F in the Cottrell equation which is
current-time response for a diffusion limited current, equation 10 35. Because this rate is
slower than that for the discharge of the capacitive current it is possible to take a
measurement at a time when the response from the faradaic current is still occurring, but
the capacitive current is not.
𝑖(𝑡) =

•⁄‚
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Where F is faradays constant, A is the area, and 𝐶„∗ and 𝐷„ are the concentration and
diffusion coefficient of the oxidized species. By taking these time dependent parameters into
account the potential can be pulsed according to Normal Pulse Voltammetry (NPV), Differential
Pulse Voltammetry (DPV) and Square Wave Voltammetry (SWV). In these methods the potential
is brought up to the potential of interest from a lower potential (pulse amplitude) and the potential
is held for a specified amount of time (pulse width). Towards the end of the pulse width the
determination of current is taken rapidly before the pulse is over and the potential changes. The
proper determination of these parameters allows for the output of the voltammetry to be mostly, if
not entirely, representative of the faradaic processes occurring. However, the parameters
controlling the time for capacitive current to dissipate will change with the solution resistance, Rs,
and the differential capacitance of the double layer of the electrode. Both of these parameters will
change when the solution changes or the surface area of the electrode changes, which would
require determination of optimal pulse parameters for each electrode if pulse stripping methods
were used. This would limit the ability for a layman to be able to use the system easily and reduce
the ability to gain a consistent method in distributing the electrodes for detection in different
water samples. Whereas, in faradaic current transfer the parameters for current flow are
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dependent on the species characteristics and not the solution itself. Since the analyte is As (III) in
each case the profile of faradaic As (0) oxidation is consistent while the capacitive current of the
electrode will vary and would need to be determined before use in each differential pulse analysis
by the operator. The objective of this work was to develop a straightforward analytical method
that can be performed by operators of varying skill; linear stripping voltammetry demonstrated
the best ease of use and consistency of response.

3.3 Peak interference
If the electrode is to be used in an in-situ experiment it would be integral to consider
interferences caused by the water matrix itself. In an in-situ sample there would be a
difference in temperature, potential precipitates, other metals in the matrix and a neutral
pH. From the Nernst equation it is evident that a variation in temperature would shift the
potential of any reaction to more negative for colder and more positive for warmer. There
may also be an interference from a natural precipitation or clinging of organic matter to
the electrode if it is left in solution for some time. This can be mitigated by an
electrochemical cleaning process of the gold in 50 mM potassium hydroxide or 50 mM
sulfuric acid with 25% hydrogen peroxide 36. Further investigation would be necessary to
access how much degradation this would cause the gold and carbon paper for this
application. Several metals can be found in natural water which would also undergo
reduction and present a peak in the stripping process if the deposition potential was below
the reaction potential for reduction of the metal and the subsequent stripping process was
within the potential region for oxidation of the metal. This could cause peak interference
by poisoning of the electrode depending on reversibility of the redox reaction, or if the
oxidation potential is near that of the As (II) oxidation. The greatest concern for
interference by peak convolution is Cu (II) (𝐸…†(‡‡)/…†(+) = 3.419 V) (𝐸 ˆ‰ = V vs. SHE)
Š‹Œ
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while under the same conditions 𝐸•rŽ„‚ /rŽ = 0.248 V for the redox of As metal to the
arsenite oxyanion 37. Cu (II) and Se (IV) ions may interfere by forming intermetallic
binary compounds, Cu3As2 and As2Se3, respectively, which greatly decreases the ability
to detect. 38 However, low concentrations (near 50 ppb) of Cu (II) can be tolerated if the
stripping peak is not large enough to convolute the As (III) peak 39. Other metals such as
lead (𝐸••(‡‡)/••(+) = -0.1262 V), mercury (𝐸‘’(‡‡)/‘’(+) = 0.7973 V), and antimony
(𝐸“•(+)/“•(G‡‡‡) = -0.510 V), cadmium (𝐸…”(‡‡)/…†(+) = -0.403 V) and chromium
(𝐸…•(–)/…†(‡–) = 1.34 V) can have effects of the analysis through co-depositing on the
electrode which would decrease the surface area available for As reduction, but in the
stripping section the peak for their oxidation would be far enough away to not cause peak
convolution. Detection of arsenite between pH 6 and 8 is possible with a small amount of
decrease in peak area relating to a decrease in sensitivity 40. However, if the counter
electrode is not isolated from the working electrode solution and the deposition potential
is quite negative the potential on the counter electrode would be very positive. From
equation 2 and 4 from section 2.2.2 the possible reactions for a large positive potential in
an aqueous solution include generating oxygen gas from either H2O or OH- groups. The
process where H2O is oxidized generates O2 gas but also protons. Between pH 6 and 8
the concentration of H2O is much greater than that for OH-. This will cause the primary
reaction to be oxidation of H2O rather than OH- and will subsequently cause acidification
of the solution if the potential is held for a long period of time. This process may result in
a difference in solution characteristics which again will change the potential at which the
oxidation of As (III) will occur. In conclusion, there are many factors that will be
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different when moving to a natural water sample, but they are manageable if considered
from an electrochemical standpoint.

4.0 Research Gaps
To the authors knowledge, there have not been studies on vapor deposited Au films
for detection of arsenite at trace levels 41-44. Methods for creating As sensors with thin
films or nanoparticles of Au tend to require many steps and multiple hour chemical
processes 45. Many of the electrochemical detection papers require acidification of the
sample, which is challenging due to safety considerations for measurements or automated
systems implemented in-situ. There has been thorough investigation of complicated
nanoparticle electrodes for detection of As, but there has not been a thorough
investigation of the costs of such an electrode assembly and the potential for widespread
availability of an electrode.

5.0 Research Objective
The objective of this research is to develop a simple to fabricate, low cost electrode,
which can detect arsenite below 10 𝜇𝑔/𝐿 and could potentially be implemented in rural
areas. The method of electrode generation presented here is a thin film of gold vapor
deposited by an SEM gold sputtering system, which is easy to use and can consistently
coat multiple electrodes quickly. The gold film is compared to a nanoparticle system as
well as a gold wire which represent nano and macroelectrode structuring. Standard
additions of 5, 10, 25, 50 and 75 𝜇𝑔/𝐿 As (III) were added to an 18 MΩ de-ionized water
solution which was acidified near pH 3 with H2SO4, stirred during the deposition step,
and degassed with N2. Chapter 3 of this thesis presents the results of this investigation
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and draws the conclusion that the vapor deposited film is capable of achieving the
objective of detecting below the MCL for As (III).

6.0 Future Directions
Future research goals are directed towards detection of both the As (III) and As
(V) ions in a natural water sample, and will be expanded to uranium (U) species as well.
There are many avenues to explore when it comes to detection in a natural water system,
which will contain complexing agents as well as other electroactive species in the water.
The system presented in this research is a sterile laboratory experiment which provides a
proof of concept and method for development of an electrochemical sensor.
Investigations of As in solution with common agents found in natural waters can
elucidate which species may inhibit detection of As. Solutions to making the electrode
specific to As (III) and As (V) will incorporate manipulation of the local environment of
the Au electrode by ion exchange resins, which may be able to cause local speciation due
to controlled pH. Ion exchange resin layers will also allow for controlled ionic strength at
the surface of the electrodes and eliminate the need to chemically alter the solution to
allow for ionic conductivity during the detection process.
This study also aids in understanding the effect of multivalent oxyanion
speciation on mobility and detection. The same principles for As detection developed in
this study could potentially be applied to other elements of interest in natural waters such
as U or chromium. Optimization of a system for detection of U species may require a
different electrode material, which would have a reversible oxidation and reduction
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reaction for specific U species. Investigation into the expected and experimental potential
of this reaction must also be elucidated.
Much of current electrochemical As detection research utilizes a three-electrode
cell which does not separate the counter electrode reactions. The essential issue is that if
there is an electrode reaction occurring on the WE there must also be a reaction occurring
on the counter electrode. If the counter electrode is at very high potentials it is possible
that it could be oxidizing As (III) to As (V), either electrochemically or through oxygen
generation, and decreases the accuracy of detection for As (III). A potential solution to
this is to separate the counter electrode from the working electrode through a membrane
and isolate the oxygen generated and high potential from the working electrolyte
solution.
In conclusion, a system for detection of As and U species will be developed and
investigated for its ability to do determinations in natural waters. A focus of the work will
be in creating a low-cost system, which can be distributed and utilized by rural and
indigenous communities.
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Chapter 3
Ultra-low loading Vapor Deposited Gold Nanofilm for Detection of As
(III)

Tybur Q. Casusea*, Angelica Benavidezb, John B. Plumleeb, Lok-kun Tsuib, Fernando
Garzónb, and José M. Cerratoa
a

Department of Civil Engineering, MSC01 1070, University of New Mexico,
Albuquerque, New Mexico 87131, USA
b
Department of Chemical and Biological Engineering, MSC01 1120, University of New
Mexico, Albuquerque, New Mexico 87131, USA

1.0 Abstract
This study investigated the capability of a vapor deposited gold (Au) nanofilm to
detect As (III) at concentrations below the maximum contaminant level (MCL) of 10 µg
L-1 in a water matrix using linear stripping voltammetry (LSV). The vapor deposition
method lends itself to generation of in-situ sensors, because it is a facile, reproducible and
rapid method for production of working electrodes. The electrode used in this study had a
thickness of about 24 nm according to X-ray diffraction. Nanoparticle surfaces increase
the catalytic activity of the Au versus a bulk phase. LSV was used to detect standard
additions of 5, 10, 25, 50, and 75 μg L-1 As (III) to a stirred and nitrogen bubbled solution
of 18 MΩ deionized water. Peak area of anodic sweeping in each concentration showed a
linear trend with increasing concentration of As (III). For comparison Au nanoparticles
where deposited onto a high surface area carbon support, Vulcan XC-72R. This chemical
deposition method consistently generated well dispersed nanoparticles between 3 and 8
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nm in diameter. However, the high surface area of the carbon support resulted in a
significantly reduced peak to background ratio due to high capacitance. This facile
production method supports the development of widely available low detection limit
sensors for in-situ detection of As in potential drinking water sources.

2.0 Environmental Significance Statement
The work presented makes use of vapor deposition as a facile method for manufacturing
nanostructured electrodes minimizing the required Au necessary for As (III) detection at
concentrations below the maximum contaminant level (MCL) of 10 µg L-1. Simplifying
the manufacturing process and decreasing the cost makes these sensors more accessible
to rural communities which currently have limited access to real time quantitative
analyses of their water supply.

3.0 Introduction
Unsafe concentrations of arsenic (As) in drinking water is a global health hazard
afflicting many areas of the world such as Argentina, United States (U.S.), Bangladesh
and Taiwan 5. The production and use of As compounds have been declining since the
turn of the century due to increased understanding of its toxicity and carcinogenicity,
leading to governmental regulations 46. However, many naturally occurring minerals
contain As which can be mobilized into water matrices by either reducing or oxidizing
conditions to form oxyanions primarily containing As (III) (e.g., arsenite, AsO33-) and As
(V) (e.g. arsenate, AsO43-) 11. The solubilization of As (III) is commonly performed
through microbial respiration in anoxic soils and is dependent on many variables
including temperature and presence of elements such as iron, sulfide, manganese and
carbon 47-49. Arsenic can be found in -3, 0, +3 and +5 valence states, but +3 and +5 are
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the most common forms and present the most concern for toxicity from ingestion.
Arsenite is the most toxic form with arsenate being next and the two common organic
forms, monomethylarsonic acid and dimethylarsinic acid, presenting less potential for
toxicity 5. The United States Environmental Protection Agency (USEPA) maximum
contaminant level (MCL) and World Health Organization (WHO) guidelines agree that
As should be less than 10 μg L-1 in daily drinking water 1, 50.
Several methods for quantitative analysis of As concentrations are
available both in the laboratory and in the field 42, 51. Laboratory methods include atomic
absorption spectroscopy, inductively coupled plasma mass spectrometry and atomic
fluorescence spectroscopy. High cost per sample and necessity of transport to a capable
facility are limitations when conducting studies that require many sample sites, remote
locations, or time dependence. Currently, in field measurements can be done by
colorimetric techniques and electrochemical sensors 6, 52. Colorimetric techniques use a
strong reductant to produce toxic arsine gas which changes the color of a chemical strip,
e.g. silver nitrate or mercuric bromide. Joyati et al. compared two color changing strips
held on the lid of closed plastic bottles during the reduction and required around 10
minutes to attain results. Metrohm produces a three-electrode sensor with a 0.3 μg L-1
limit of detection (LOD) and results are obtained in around 2 minutes 4. For in-situ
applications electroanalysis for detection has many advantages including reuse of the
electrode, low detection limit, and rapid on-site results.
Enhancements in electroanalysis can be achieved through development of
working electrode (WE) materials and improvement of their synthesis methods. Modified
electrodes have enabled electroanalysis to detect pollutants ranging from organics such as
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glucose to heavy metals and metalloids such as As and chromium 53, 54. Nanoparticle
electrodes offer increased surface area to volume ratio and catalytic activity compared to
macroelectrodes. Although many metals and compounds can be used, gold (Au),
platinum (Pt) and silver (Ag) are the most commonly studied due to their ease of
deposition, stability and wide potential range for analysis 44. Gold has a high
overpotential for hydrogen evolution and is stable within the potentials at which As (III)
is reduced and oxidized between the zero and trivalent state, which makes it an ideal
material for detection of arenite 55. Gold nanoparticles have been synthesized in a variety
of methods using chemical deposition or electrodeposition onto conductive substrates,
typically electrically conductive carbons 28-30, 45, 56. Synthesis of nanoparticles increase the
useable surface area per mass of Au for the electrode. However, production of
nanoparticles can be time consuming and require multiple steps, as is the case for
chemical deposition. To create sensors for widescale use, an ideal synthesis would use
the least amount of Au possible, take a minimal amount of time per sensor and maintain
the ability to detect trace contaminant levels.
An electrochemical analysis instrument called a potentiostat can control a threeelectrode cell 57 to implement a technique called stripping voltammetry for detecting trace
concentrations of electroactive solutes. For detection, As (III) is reduced to As (0) on the
gold electrode to form an amalgam by holding a negative voltage, or potential, on the
electrode. The potential is then “swept” at a specified rate towards a more positive, or
anodic, potential thus oxidizing As back to As (III). Observation of the flow of charge, or
current, produces a curve in which the area under the curve is proportional to the amount
of As (III) previously reduced onto the electrode. The sweeping process can be done
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linearly, in a square wave pattern or through a differential pulse, each method having
benefits depending on the characteristics of the electrode 41, 58, 59.
Linear stripping voltammetry (LSV) was used to investigate two Au
nanoelectrodes for their ability to detect As (III) below 10 μg L-1. The first electrode
consisted of colloidal nanoparticles of gold ranging in average size from 3 to 8 nm in
diameter deposited onto amorphous carbon and the second consisted of a vapor deposited
Au nanofilm with a thickness of 6.82 ± 0.42 nm. The vapor deposition method presented
in this study has potential to be reproducible, effective, and manufacturable while
benefiting from increased catalytic activity and decreased Au necessary by creating a
nanofilm. The use of this method is beneficial to the development of a sensor which can
be implemented to assess the safety of waters for rural communities and environmental
monitoring.

4.0 Materials and Methods
4.1 Nanoparticle Electrodes
The nanoparticles were synthesized utilizing Vulcan XC72R carbon support as the
substrate for deposition. The XC72R was functionalized in a 24 hour reflux of 2.5% nitric
acid at 93° C 60. A ratio of 0.62 wt./wt. Polyvinyl alcohol (PVA) to gold was used to
create a colloidal solution 61. Sodium borohydride (NaBH4) was added in four times the
molar concentration of Au to reduce the Au solution. The solution color changed from a
transparent yellow to a deep violet color upon addition of the NaBH4. The Au solution
was then slowly dripped into to a sonicating bath of the functionalized XC72R in DI
water over approximately 15 minutes. The solution was sonicated in the bath for an
additional hour and left to settle overnight. The solution was then centrifuged, and the
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supernatant was replaced with fresh DI water. The carbon with Au was mixed into the
new DI water and centrifuged again. The rinsing process was repeated until the pH of the
supernatant was the same as the DI water, typically four times. The carbon was then
allowed to dry at 60° C in air. The powder was then scraped into a crucible for an
annealing process in 3% H2 balance N2 at 320° C for five hours with a ramp rate of 5° per
minute from room temperature to 320° and allowed to cool to room temperature under
the 3% H2 flow. The powder was then made into an ink using 15 wt. per wt.% Nafion to
XC72R with Au and ethanol. The ink was evenly painted onto both sides of a 1 cm by 1
cm square at the end of a 1 cm thick by 5 cm long strip of Sigracet 29 AA using a small
paintbrush. Creative Materials GPC 251 electrically conductive adhesive was used to
attach the strip to a 1 cm wide strip of copper foil that was used as a lead. Crystal Bond
509 was used to cover the areas of the electrode besides the Au electrode area.

4.2 Au vapor deposition
Gold was sputtered directly onto a 1 cm wide and 5 cm long Sigracet 29AA nonteflonated carbon paper. The Polaron SEM coating system used with a voltage of 1.7 V a
current of 18 mA and allowed to deposit for 60 seconds. A 1 cm by 1 cm square was
isolated on one end of the carbon paper by tape. The same method of lead attachment and
isolation was used as for the nanoparticle electrodes.

4.3 Au wire
Alfa Aesar 0.1 mm diameter gold wire (99.95%) was polished using an alumina
slurry and wrapped around a polished nickel wire which acted as the lead and structural
support of the electrode. Crystal Bond 509 was used to isolate the gold wire and keep the
nickel wire from interacting with the electrolyte solution.
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4.4 Electrochemical cell setup
The cell uses three electrodes termed the working electrode (WE), counter
electrode (CE) and reference electrode (RE) which are submerged into the ionic solution
of interest. For electrochemical characterization the electrolyte solution was 0.5 M H2SO4
and nitrogen was bubbled to decrease the oxygen concentration in solution. A
potentiostat controls the potential on the WE in comparison to the RE, which has a stable
potential. A Gamry Reference 600+ potentiostat and a Pine research single junction silver
chloride (Ag/AgCl) reference electrode were used as the reference electrode for all
electrochemical experiments, unless otherwise noted. The current is measured with
regards to the flow of energy between the WE and the CE through the electrolyte. The
CE for all experiments was a 1 cm wide by 4 cm thick strip of Sigracet 29AA carbon
paper attached to a copper lead in the same method as that for the nanoelectrodes.

4.5 Anodic Linear Stripping Voltammetry
Anodic linear stripping voltammetry consists of a deposition step and a stripping
step. The potential on the WE is held at a voltage which causes As (III) reduction at the
surface of the electrode. Subsequently, the voltage is increased until it passes through the
thermodynamic potential at which the deposition step reverses itself. An increase in
current occurs during the oxidation of As (0) to As (III) resulting in a peak with an area
which is proportional to the amount of As (III) reduced during the deposition step. For As
(III) detection the solution was 18 mΩ DI water acidified to ca. pH 3 using 18 M H2SO4.
The solution was bubbled with nitrogen and stirred during the deposition process. Stirring
was stopped during the stripping process. A stock solution of sodium arsenite was created
with an ICP-OES concentration of 1134 𝜇g L-1 As and this concentration was used to
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determine the amount of solution to add to the electrolyte to achieve 5, 10, 25, 50 and 75
𝜇g L-1 As (III).

4.6 Solid Characterization
X-ray diffraction (XRD) analyses were conducted in a PANalytical Xpert pro
instrument using Cu K𝛼 radiation operated at 40 kV and 40 mA. The data were analyzed
by the MDI Jade (version 9) software package using the Whole Profile Fitting (WPF)
feature. The data was taken from 2𝜃 = 10 ° to 100 ° with a scan rate of 3 ° per minute.
Scanning electron microscopy (SEM) analyses were conducted using the Hitachi S5200
nano SEM instrument with 10 kV and 8 mA. Transmission electron microscopy (TEM)
analyses were performed with Joel 2010F field emission gun operated at 200 kV the
images were recorded and analyzed using digital micrograph software. X-ray
fluorescence (XRF) measurements were performed under vacuum with an Orbis MicroXRF at 20 kV and 400 mA and a spot size of 1 mm. Thermogravimetric analyses were
performed using a TA instruments SDT-Q600 from room temperature to 800 ° C at a
scan rate of 5 ° per minute.

5.0 Results and Discussion
5.1 Physical Characterization of electrodes
5.1.1 Physical characterization of nanoparticles
X-ray diffraction patterns showed that the Au nanoparticles deposited onto
Vulcan XC-72R presented peaks that aligned well with the International Centre for
Diffraction Data (ICDD) card peak positions for Au and gave an average particle
diameter of 8 nm (Figure 2A). The high resolution TEM image is representative of
several particles observed and corroborates the size of the nanoparticles suggested by X31

ray diffraction (Figure 2B). The image also shows that the Au particles are bound to the
carbon substrate, which will provide a physical path for electrical conductivity from the
particle to the substrate. However, a portion of the surface of the particle is still exposed
to the electrolyte solution, which allows the Au to interact with the electrolyte solution.
Dark field TEM imaging showed that the Au nanoparticles were well dispersed on the
carbon support (Figure 2C). Many small particles dispersed across the surface of the
carbon substrate increases diffusion of charge carrying ions in the solution to interact
with the electrode 45. Using thermogravimetric analysis, the Au/C ratio was found to be
17.8 wt.% for the sample in Figure 2. The synthesis was done five separate times and
resulted in particles ranging from 3 to 8 nm in size (SI Table 1).

5.1.2 Physical characterization of nanofilm
The 1 x 1 cm square of Au deposited onto the carbon paper was analyzed by Xray diffraction (XRD), X-ray Fluorescence (XRF), SEM and TEM. The Orbis film
builder program was used to compare the intensity of characteristic x-rays emitted from
the Au film to that of a thick piece of gold. The program assumes a continuous film and
found a thickness of 6.82 ± 0.42 nm. X-ray diffraction analysis resulted in a particle size
of 24 nm analyses based on size and strain calculations from the Au peaks shown in
figure 3a. Peaks not belonging to Au are due to the graphitic structure of the carbon
paper. Figure 3b and c show SEM images of the carbon paper in with the sputtered gold
film. The film is dispersed over the top layer of the carbon. However, the film is not
continuous and instead has many tube-like structures connected to each other. This makes
sense of the difference in XRF and XRD thickness determinations because a thicker film
with areas not covered in Au could result in a similar number of characteristic x-rays
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being emitted from the sample as a thinner more uniform film. For this reason, the
thickness of the film is reported as approximately 24 nm from the XRD data. The surface
area of the sputtered film should be increased in comparison to a continuous film since
there are more edges and curves in the surface.

5.2 Electrochemical Characterization of Electrodes
5.2.1 Au wire electrochemical response
The Au wire was used as a standard electrode to compare electrochemical
responses of the nanoelectrodes to the Au macroelectrode (Figure 4a). The geometric
surface area was calculated to be 7.8 x 10-2 cm2 using the diameter, 0.1 mm, and length of
2.5 cm. Three gold wire electrodes were synthesized, and the reduction peak minimum
potential was found to be 1.02 ± 0.025 V. The reduction peak minimum and redox wave
shapes are similar to those found for a macroelectrode of gold in literature 55. This
electrode allows for determination of whether or not the electrode may be benefitting
from nanostructure effects which would cause a decrease in potential due to high surface
area and surface strain which increases catalytic activity 44. A plot of 50, 100, 150, 200
and 250 mV s-1 scan rates are shown in SI figure 2. There is not a drastic change in the
electrochemical response with increasing scan rate showing that the peaks are primarily
controlled by the electron transfer processes.

5.2.2 Au nanoparticle electrode electrochemical response
The CV response for a scan rate of 1, 50 and 100 mV/s are presented in Figure 4c.
As the scan rate increases the reduction peak occurs over a wider potential range and the
reduction peak minimum moves to a lower potential. This is indicative of a large
capacitive current likely due to the high surface area of the Au of the electrode. However,
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the peak also becomes more convoluted in the areas where no reactions occur in the gold
wire response, 0.45 to 0.8 V. As the scan rate increases this region become much wider,
which indicates a large surface area not related to the gold surface area (SI Figure 3). The
large capacitive current is attribute to the XC72R which is a high surface area carbon
support with particles averaging 50 nm in size. Capacitive current due to the carbon
support is convoluting the response of the gold at typical scan rates for linear stripping
voltammetry which is may result in in turn cause a competing response for detection of
arsenite.

5.2.3 Au film electrochemical response
The gold film produced peaks similar to the gold wire and increased current. The
increase in current allowed for better resolution in the CV than that for the gold wire.
Increasing the scan rate of this electrode does not cause a shift in potential which is
concerning and the capacitive current in the region of 0.45 to 0.8 V does not increase in
such a way to convolute the reduction peak (SI figure 4). Although there is an increase in
this area with increasing scan rate which is due to charging of the double layer of the
surface of the electrode which includes the carbon paper.
The double layer surface of the Au film and the Au nanoparticles was determined
using the double layer capacitance method 62. The half width of the cyclic voltammogram
was determined at 0.7 V vs. Ag/AgCl and a specific capacitance of 30 μF cm-2 was used
to estimate the total surface area of the electrodes. The surface area of the gold and
carbon for the film was determined to be 7.75 cm2 and the nanoparticle electrode was
determined to have a total surface area of 1990 cm2 (SI figure 7). The surface area is four
orders of magnitude larger for the Au nanoparticle electrode and contributes to the
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massive amount capacitive current needed to charge the double layer. The larger
capacitive current effectively causes a decrease in signal to noise ratio, especially at the
common stripping voltammetry scan rate of 100 mV/s.

5.2.4 Statistical analysis of reduction peak potential
Three of each electrode were created and the CV scans were conducted on each of
them. Using an anova single factor test it was determined that the reduction peak
minimum for the gold nanoparticles was significantly lower than that for the gold wire.
The reduction peak potential for the Au film was not significantly different from the Au
wire (SI figure 5). This shows that the Au film is not presenting increased catalytic
behavior due to nanostructuring.

5.3 Detection of Arsenite with Au Film
Linear stripping voltammetry has been conducted for detection of As (III) on gold
electrodes of multiple configurations, such as microelectrodes 40 or nanoparticles 28, 29, 63.
This paper is focused on the characterization of the Au vapor deposited film for linear
stripping voltammetry because it is facile and there has been less investigation into this
formation.

5.3.1 Standard additions of As (III)
Figure 5a shows the linear stripping voltammetry for standard additions of 5, 10,
25, 50 and 75 𝜇g L-1 to 18 MΩ DIW acidified to pH~3 with H2SO4. The determination
takes less than two minutes to give a result. Figure 5b shows the area under the curve
between -0.1 and 0.14 V versus concentration; the curve fits a linear trend well. From this
plot it is possible to distinguish between the blank 5 and 10 𝜇g L-1. The ability to
accurately determine a concentration below 10 𝜇g L-1 makes the sensor useful for
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determination of safe concentrations. A limitation of this work is that the solution is
conducted in laboratory conditions, which isolates the As (III) reduction and oxidation
reaction from competing reactions. Some of the competing reactions could be
complexation of As with other elements in the solution or on the electrode during the
deposition process. Additionally, other metal ions in solution can decrease the ability to
detect As (III) by decreasing active sites during the deposition step or by having an
oxidation potential near that of As (III) oxidation, in particular Cu (II) 56. The linear
correlation between the As (III) and peak area is dependent on the assumption that the
concentration of As (III) in the solution is not significantly decreased during the
deposition process. The number of moles of As (0) atoms oxidized were extrapolated
from the peak area of each concentration and compared to the theoretical molar
concentration in SI table 3. The number of moles oxidized during the deposition process
is two orders of magnitude less than the moles in solution which validates the
assumption. This work lays the groundwork and proof of concept that the film is capable
of determinations at toxicologically relevant concentrations, and future work will focus
on using the Au sputtering method for in-situ determinations of As.

6.0 Conclusions
A vapor deposited film on carbon paper has been characterized, both
physically and electrochemically, then compared to a gold wire and chemically deposited
gold nanoparticles supported by carbon. The film does not show electrochemical
evidence of increased catalytic activity in comparison to a nanoparticle structured
electrode. The gold film on carbon paper method is less affected by carbon surface area
increasing capacitive current interference with faradaic processes. Linear stripping
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voltammetry was used to detect trace concentrations of As (III), and it was found to be
capable of distinguishing between the baseline and additions of 5 and 10 𝜇g L-1. This
allows for detection at and below the maximum contaminant level for drinking water.
The facile method of vapor deposition for gold electrode synthesis can aid in future
development of a low-cost electrochemical sensor, which can increase access to detection
of harmful As concentrations within a few minutes.
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Figure 2. Au nanoparticles deposited onto Vulcan XC-72R
(A) X-ray Diffraction spectra, (B) High Resolution TEM
inset Fast Fourier Transform of red boxed region (C) Dark
Field TEM.

A

B

C

Figure 3. Au film vapor deposited onto Sigracet 29AA (A)
X-ray Diffraction spectra, Scanning Electron Microscopy
images SEM image at 10.0 kV x 300 (B) and 10.0 kV x
20.1k (C).
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A

A

B

B

Figure 5. Linear stripping voltammetry results for
increasing As (III) concentrations at 5, 10, 25, 50 and
75 𝝁g L-1 (A) with area under curve between -0.14
and 0.1 V (B).

C

Figure 4. Cyclic voltammetry in 0.5 M H2SO4 of
gold wire (A) and gold film on carbon paper (B)
at 50 mV/s and gold nanoparticles at 1, 50 and
100 mV/s (C) with Ag/AgCl reference electrode.
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Appendix A
Vapor Deposited Gold Nanofilm for Detection of Arsenite, As (III)
Supplemental Information
SI Table 1. Nanoparticle size determined using XRD
Sample
Synthesis
Attempt

Au
precursor

Vulcan
Carbon
Support

MX01
MX02
MX03
MX04
MX05

99
99
99
48
48

XC72-R
XC72
XC72-R
XC72-R
XC72-R

Sample: Au_XC72 R_043018
Size: 12.1890 mg
Method: Ramp

DSCTGA

Particle
size in
XRD
(nm)
~8
~4
~4
~7
~3

File: C:...\Tybur\Au_XC72 R_043018.001
Operator: Tybur
Run Date: 30Apr2018 15:08
Instrument: SDT Q600 V8.3 Build 101

100

80

82.12%
(10.01mg)

Weight (%)

60

40

20

0

0

200

400

Temperature (°C)

600

800
Universal V4.5A TA Instruments

SI Figure 1. Thermogravimetric analysis of first synthesis
SI Table 2. XRF film builder calculation of film thickness due to intensity of characteristic x-rays
in comparison to a bulk phase Au sample.
Area

Intensity

A
B
C
Average

10.94
9.787
10.875

40

XRF Orbis film builder
film thickness (nm)
7.0875
6.3391
7.044
6.82 ± 0.42

SI Figure 2. Cyclic Voltammetry of three different Au wire electrodes
at 50, 100, 150, 200 and 250 mV/s in 0.5 M H2SO4 with Ag/AgCl
reference electrode
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SI Figure 3. Cyclic Voltammetry of three different Au Nanoparticle
electrodes at 1, 5, 10, 25 and 50 mV/s in 0.5 M H2SO4 with Ag/AgCl
reference electrode
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SI Figure 4. Cyclic Voltammetry of three different Au Film
electrodes at 50, 100, 150, 200 and 250 mV/s in 0.5 M H2SO4 with
Ag/AgCl reference electrode

43

SI Figure 5. Potential of reduction peak for each of the electrodes in
figure 2, 3 and 4 with a 50 mV/s scan rate. Anova single parameter
test showed no significant difference between Au film and Au Wire.
There is significant difference between gold wire and Au
nanoparticles.

SI Figure 6. Oxygen generation detachment of Au nanoparticles from nanoparticle
electrode. Au redox response decreases after each cycle at 1 mV/s in 0.5 M H2SO4 until
there is no gold response of the electrode for any subsequent cycles. The sharp increase
44
above 1.2 V vs. Hg/HgSO4 is attributed to oxygen generation and considered to be
detaching the Au nanoparticles from the carbon support.

A

B

SI Figure 7. Half width of capacitive current vs. scan rate for A) gold film and B) gold
nanoparticle electrodes. The slopes are indicative of the capacitance in the system and
dividing the slope by 30 μF cm-2 provides an estimate for the total surface area. 7.75 cm2 for
the film and 1990 cm2 for the Au nanoparticles on XC72R.

SI Table 3. Comparison of Theoretical As Concentration and Extrapolation from Peak
area
As (III) molar mass in solution
Concentration (𝜇g/L)
DIW

Mass calculation (μmol)
N/A

Peak Calculation (μmol)
3.72E-04

5

1.67E-02

6.74E-04

10

3.34E-02

8.67E-04

25

8.34E-02

1.49E-03

50

1.67E-01

2.24E-03

75

2.50E-01

3.34E-03

45

References
1.
WHO, Arsenic in Drinking Water. In World Health Organization: 2011.
2.
Allan H. Smith, E. O. L., & Mahfuzar Rahman, Contamination of drinking-water
by arsenic in Bangladesh: a public health emergency. Bulletin of the World Health
Organization 2000, 78.
3.
Komorowicz Izabela, I.; Baralkiewicz, D., Arsenic and its speciation in water
samples by high performance liquid chromatography inductively coupled plasma mass
spectrometry--last decade review. Talanta 2011, 84, (2), 247-61.
4.
Metrohm, Determination of arsenic in water with the scTRACE Gold. Application
Bulletin 416, (3).
5.
Basu, A.; Saha, D.; Saha, R.; Ghosh, T.; Saha, B., A review on sources, toxicity
and remediation technologies for removing arsenic from drinking water. Research on
Chemical Intermediates 2014, 40, (2), 447-485.
6.
Das Joyati, J.; Sarkar, P.; Panda, J.; Pal, P., Low-cost field test kits for arsenic
detection in water. Journal of Environmental Science and Health, Part A 2014, 49, (1),
108-15.
7.
Industrial Test Systems, I., Low Range QUICK: Rapid Arsenic Test Kit. 2017.
8.
Airgas, Arsine Safety Data Sheet. 2018.
9.
Health, N. M. D. o., Arsenic Distribution in New Mexico Private Wells: Wells
Sampled 1976 - March 2016. 2017.
10.
Mandal, B. K.; Suzuki, K. T., Arsenic round the world: a review. Talanta 2002,
58, (1), 201-235.
11.
P.L. Smedley*, D. G. K., A review of the source, behaviour and distribution of
arsenic in natural waters. Applied Geochemistry 2002, 17, 517-568.
12.
Khairul Islam, I.; Wang, Q. Q.; Jiang, Y. H.; Wang, C.; Naranmandura, H.,
Metabolism, toxicity and anticancer activities of arsenic compounds. Oncotarget 2017, 8,
(14), 23905-23926.
13.
Masscheleyn, P. H.; Delaune, R. D.; Patrick, W. H., EFFECT OF REDOX
POTENTIAL AND PH ONARSENICSPECIATION ANDSOLUBILITYIN A
CONTAMINATED SOIL. Environmental Science and Technology 1991, 25, (8), 14141419.
14.
Brookins, D. G., Eh pH diagrams for geochemistry. Springer-Verlag: Berlin,
1988.
15.
Nic E Korte, Q. F., A review of arsenic (III) in groundwater. Critical reviews in
environmental control 1991, 21, 1-39.
16.
Pitzer, K. S., Activity Coefficients in Electrolyte Solutions: 0. CRC press: 2018.
17.
Chaplin, M. Electrolysis of Water. http://www1.lsbu.ac.uk/water/electrolysis.html
18.
Allen J. Bard and Larry R. Faulkner, Electrochemical Methods: Fundamentals
and Applications, New York: Wiley, 2001, 2nd ed. 2002, p 1364.
19.
Harvey, D., Reference and Auxiliary Electrodes. In Analytical Electrochemistry:
The Basic Concepts, Analytical Sciences Digital Library.

46

20.
Research, P. Rotating Electrode Theory.
https://www.pineresearch.com/shop/knowledgebase/rotating-electrode-theory/
(03/25/19),
21.
Basi Stripping Voltammetry.
https://www.basinc.com/manuals/EC_epsilon/Techniques/Stripping/stripping
22.
Dinan, T. E.; Jou, W. F.; Cheh, H. Y., ARSENIC DEPOSITION ONTO A GOLD
SUBSTRATE. Journal of The Electrochemical Society 1989, 136, (11), 3284-3287.
23.
Bard, A. J.; Faulkner, L. R., Chapter 1: Introduction and Overview of Electrode
Processes. In Electrochemical Methods: Fundamentals and Applications, John Wiley &
sons: 2001; pp 15-18.
24.
Bard, A. J.; Faulkner, L. R., Chapter 4: Mass Transfer by Migration and
Diffusion. In Electrochemical Methods: Fundamentals and Applications, John Wiley &
sons: 2001; pp 137-153.
25.
Forsberg, G.; Olaughlin, J. W.; Megargle, R. G.; Koirtyohann, S. R.,
DETERMINATION OF ARSENIC BY ANODIC-STRIPPING VOLTAMMETRY AND
DIFFERENTIAL PULSE ANODIC-STRIPPING VOLTAMMETRY. Analytical
Chemistry 1975, 47, (9), 1586-1592.
26.
Henry, F. T., Determination of trace level arsenic (III), arsenic(V), and total
inorganic arsenic by differential pulse polarography. Analytical Chemistry 1979, 51, 215218.
27.
Song, Y.; Swain, G. M., Development of a Method for Total Inorganic Arsenic
Analysis Using Anodic Stripping Voltammetry and a Au-Coated, Diamond Thin-Film
Electrode. Analytical Chemistry 2007, 79, (6), 2412-2420.
28.
Gu, T.; Bu, L.; Huang, Z.; Liu, Y.; Tang, Z.; Liu, Y.; Huang, S.; Xie, Q.; Yao, S.;
Tu, X.; Luo, X.; Luo, S., Dual-signal anodic stripping voltammetric determination of
trace arsenic(III) at a glassy carbon electrode modified with internal-electrolysis
deposited gold nanoparticles. Electrochemistry Communications 2013, 33, 43-46.
29.
Dai, X.; Nekrassova, O.; Hyde, M. E.; Compton, R. G., Anodic Stripping
Voltammetry of Arsenic(III) Using Gold Nanoparticle-Modified Electrodes. Anal. Chem.
2004, 76, 5924-5929.
30.
Huang, J.-F.; Chen, H.-H., Gold-nanoparticle-embedded nafion composite
modified on glassy carbon electrode for highly selective detection of arsenic(III). Talanta
2013, 116, 852-859.
31.
Zhou, G.; Pu, H.; Chang, J.; Sui, X.; Mao, S.; Chen, J., Real-time electronic
sensor based on black phosphorus/Au NPs/DTT hybrid structure: Application in arsenic
detection. Sensors and Actuators B: Chemical 2018, 257, 214-219.
32.
Sarkar, P.; Banerjee, S.; Bhattacharyay, D.; Turner, A. P. F., Electrochemical
sensing systems for arsenate estimation by oxidation of l-cysteine. Ecotoxicology and
Environmental Safety 2010, 73, (6), 1495-1501.
33.
Yamada, D.; Ivandini, T. A.; Komatsu, M.; Fujishima, A.; Einaga, Y., Anodic
stripping voltammetry of inorganic species of As3+ and As5+ at gold-modified boron
doped diamond electrodes. Journal of Electroanalytical Chemistry 2008, 615, (2), 145153.
34.
Bard, A. J.; Faulkner, L. R., Chapter 13: Double-Layer Structure and Adsorption.
In Electrochemical Methods: Fundamentals and Applications, John Wiley & sons: 2001.

47

35.
Bard, A. J.; Faulkner, L. R., Potential Step Under Diffusion Control. In
Electrochemical Methods: Fundamentals and Applications, 2001; pp 161-164.
36.
Fischer, L. M.; Tenje, M.; Heiskanen, A. R.; Masuda, N.; Castillo, J.; Bentien, A.;
Émneus, J.; Jakobsen, M. H.; Boisen, A., Gold cleaning methods for electrochemical
detection applications. Microelectronic Engineering 2009, 86, 1282-1285.
37.
Vanysek, P., Electrochemical Series.
38.
Munoz, E., Potentiometric Stripping of Arsenic(III) Using a Wall-Jet Flow Cell
and Gold(III) Solution as Chemical Reoxidant. Electroanalysis 2004, 16, (18), 15281535.
39.
Ren, B.; Sudarsanam, P.; Kandjani, A. E.; Hillary, B.; Amin, M. H.,
Electrochemical Detection of As (III) on a Manganese Oxide-Ceria (Mn2O3/CeO2)
Nanocube Modified Au Electrode. Electroanalysis 2018, 30, (5), 928-936.
40.
Salaün, P.; Planer-Friedrich, B.; van den Berg, C. M. G., Inorganic arsenic
speciation in water and seawater by anodic stripping voltammetry with a gold
microelectrode. Analytica Chimica Acta 2007, 585, (2), 312-322.
41.
Muñoz, E.; Palmero, S., Review: Analysis and speciation of arsenic by stripping
potentiometry: a review. Talanta 2005, 65, 613-620.
42.
Hung, D. Q.; Nekrassova, O.; Compton, R. G., Analytical methods for inorganic
arsenic in water: a review. 2004, p 269.
43.
Gumpu Manju, B.; Sethuraman, S.; Krishnan, U. M.; Rayappan, J. B. B., A
review on detection of heavy metal ions in water - An electrochemical approach. Sensors
and Actuators B: Chemical 2015, 213, 515-533.
44.
Welch Christine, M. C.; Compton, R. G., The use of nanoparticles in
electroanalysis: a review. Analytical and Bioanalytical Chemistry 384, (3), 601-19.
45.
Dai Xuan, X.; Wildgoose, G. G.; Salter, C.; Crossley, A.; Compton, R. G.,
Electroanalysis using macro-, micro-, and nanochemical architectures on electrode
surfaces. Bulk surface modification of glassy carbon microspheres with gold
nanoparticles and their electrical wiring using carbon nanotubes. Analytical Chemistry
2006, 78, (17), 6102-8.
46.
Gilbert, S.; Lah, K. A Small Dose of Arsenic. (12/17),
47.
Simmler, M., Reductive solubilization of arsenic in a mining-impacted river
floodplain: Influence of soil properties and temperature. Environmental Pollution 2017,
231, 722-731.
48.
Weber, F.-A.; Hofacker, A. F.; Voegelin, A.; Kretzschmar, R., Temperature
Dependence and Coupling of Iron and Arsenic Reduction and Release during Flooding of
a Contaminated Soil. 2010, 44, (1), 116-122.
49.
Neil, C. W., Water Chemistry Impacts on Arsenic Mobilization from
Arsenopyrite Dissolution and Secondary Mineral Precipitation: Implications for Managed
Aquifer Recharge. Environmental Science and Technology 2014, 48, (8), 4395-4405.
50.
Agency, U. S. E. P., Priority Pollutant List. In 2014.
51.
Reid, K. D.; Goff, F.; Counce, D. A., Arsenic concentration and mass flow rate in
natural waters of the Valles caldera and Jemez Mountains region, New Mexico. New
Mexico geology 2003, 25, (3), 75-82.
52.
Metrohm scTRACE Gold. https://www.metrohm.com/en-us/productsoverview/61258000

48

53.
Liu, S.; Ju, H., Reagentless glucose biosensor based on direct electron transfer of
glucose oxidase immobilized on colloidal gold modified carbon paste electrode. 2003, 19,
(3), 177-183.
54.
Sari, T. K.; Takahashi, F.; Jin, J.; Zein, R.; Munaf, E., Electrochemical
Determination of Chromium(VI) in River Water with Gold Nanoparticles–Graphene
Nanocomposites Modified Electrodes. Analytical Sciences 2018, 34, (2), 155-160.
55.
Burke, L. D.; Nugent, P. F., The electrochemistry of gold: I the redox behaviour
of the metal in aqueous media. Gold Bulletin 1997, 30, (2).
56.
Jena Bikash Kumar, B. K.; Raj, C. R., Gold nanoelectrode ensembles for the
simultaneous electrochemical detection of ultratrace arsenic, mercury, and copper.
Analytical Chemistry 2008, 80, (13), 4836-44.
57.
Metrohm Two, Three and Four Electrode Experiments.
https://www.gamry.com/application-notes/electrodes-cells/two-three-and-four-electrodeexperiments/ (01/16/19),
58.
Forsberg, G., Determination of arsenic by anodic stripping voltammetry and
differential pulse anodic stripping voltammetry. Analytical Chemistry 1975, 47, 15861592.
59.
Barón-Jaimez, J.; Joya, M. R.; Barba-Ortega, J., Anodic stripping voltammetry –
ASV for determination of heavy metals. Journal of Physics: Conference Series 2013,
466, (1), 012023.
60.
Carmo, M.; Linardi, M.; Poco, J. G. R., Characterization of nitric acid
functionalized carbon black and its evaluation as electrocatalyst support for direct
methanol fuel cell applications. Applied Catalysis A, General 2009, 355, 132-138.
61.
Prati, L.; Martra, G., New gold catalysts for liquid phase oxidation. Gold Bulletin
1999, 32, (3), 96-101.
62.
Tsui, L. K., Characterization of Electrochemical Surface Area and Porosity of
Zirconia Sensors. ECS Transactions 2017, 77, (11), 1087-1094.
63.
Dai, X.; Wildgoose, G. G.; Salter, C.; Crossley, A.; Compton, R. G.,
Electroanalysis Using Macro-, Micro-, and Nanochemical Architectures on Electrode
Surfaces. Bulk Surface Modification of Glassy Carbon Microspheres with Gold
Nanoparticles and Their Electrical Wiring Using Carbon Nanotubes. Analytical
Chemistry 2006, 78, (17), 6102-6108.

49

